Edible mushrooms are well known to accumulate radioactive cesium (Cs) from contaminated wood, litter, and soil[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. Many reports have described the high accumulations of radioactive Cs in wild mushrooms collected around Europe after the Chernobyl nuclear accident[@b3][@b4], and in Japan before[@b1][@b7] and after[@b8] the Fukushima Daiichi Nuclear Power Plant Accident. Transfer factors of radioactive Cs from substrate to wild mushroom were reported as 5.5--13[@b1], 15[@b9], and 9.3[@b10]. Even though concentration of radioactive Cs in the substrate was unique, the concentration of radioactive Cs accumulated in the wild mushroom were distributed in several orders[@b1][@b4][@b10]. These studies show that the accumulation of radioactive Cs by the mushroom depends on the species of the filamentous fungi.

Contamination of edible mushrooms alone was estimated to result in the high internal exposure of 4800 Bq·kg^−1^ to Fukushima residents by direct intake and/or through the food chain[@b11]. Some wild edible mushrooms contain higher concentration of radioactive Cs than the Japanese standard limit for general foods of 100 Bq·kg^−1^. In 2011, the investigation of dietary exposure to ^137^Cs and ^134^Cs showed that a significantly higher dose level is estimated for the residents in Fukushima than in the Kanto region and western Japan due to the intake of mushroom and fruits[@b12]. These results clearly showed the important effect of edible mushrooms on the internal exposure of residents after nuclear accidents. Although all kinds of mushrooms accumulate radioactive Cs, the mechanisms by which radioactive Cs accumulates in the mushroom fruit body from contaminated wood, litter, and soil have not been fully clarified.

In this report, we grew the fruit-bodies of Shiitake mushroom from radioactive-Cs-contaminated wood logs to reveal the direct accumulation pathway of radioactive Cs from contaminated wood logs to the fruit-bodies of shiitake mushrooms through the basal portion of the stipe. The spatial distributions of radioactive Cs and Prussian blue as a tracer of interstitial water in the cross section of the wood log measured after the harvest of the fruit-body from the inoculated sawdust spawn area by using autoradiography analysis and micro X-ray computed tomography system, respectively.

Methods
=======

Harvest of shiitake mushroom from the contaminated wood logs
------------------------------------------------------------

The spawn of Shiitake mushroom was prepared in grain powder mixed with and without mineral powder. Formed sawdust spawn in 12.5 mm in diameters and 20 mm hight were inoculated and covered with wax seal in the radioactive-Cs-contaminated wood logs (150 Bq·kg^−1^ ± 20 Bq·kg^−1\ 134^Cs + ^137^Cs). The inoculated wood logs were installed in an uncontaminated forest in Yamanashi, Japan, approximately 300 km from Fukushima Daiichi Nuclear Power Plant, for approximately 5 months. The harvested fruit-bodies collected from the wood logs were powdered for the measurement of radioactivity by an NaI(Tl) scintillation system (EMF211, EMF Japan). After the harvest of Shiitake mushrooms, the wood logs were cut to obtain a cross section at the regions where the fruit-bodies were harvested. The cut wood logs were laid on the imaging plate to obtain two-dimensional images of radioactive Cs in the wood logs by an autoradiography technique.

Formation of fruit-body of *P*. *cystidiosus* Miller from the contaminated sawdust nutrient beds
------------------------------------------------------------------------------------------------

The spawn of *P. cystidiosus* Miller were inoculated in contaminated sawdust nutrient beds containing approximately 390 Bq·kg^−1^ ± 26 Bq·kg^−1^ of ^134^Cs + ^137^Cs. *P. cystidiosus* Miller was used because of higher harvest weight than Shiitake mushroom. The sawdust nutrient bed contained no minerals, but mineral powder of a mixture of 0.2% weight vermiculite and 0.6% weight zeolite was added. The inoculated bed was kept for approximately 3 months at 20 °C until the hyphae were well colonized in the beds. The well colonized hyphae beds were moved to a temperature- and humidity-controlled room for growth of the fruit-body. The fruit bodies grown were sampled from 7 nutrient beds and merged after drying and grinding treatment to measure the radioactive Cs accumulated by an NaI(Tl) scintillation system (EMF211, EMF Japan).

Submersion treatment of well colonized wood logs into Prussian blue dyed water
------------------------------------------------------------------------------

The Prussian blue, which is usually used for the accumulation of radioactive Cs from the contaminated water, dyed water was prepared by adding Prussian blue powder at 0.2% weight into water. Well colonized wood logs with no radioactive Cs contamination were submerged into the Prussian blue-dyed water at 15 °C. The Prussian blue-dyed water was introduced into the wood logs by vacuum pumping for 2 min. The submerged wood logs were placed in a temperature- and humidity-controlled room until the fruit-bodies were grown. The regions of the wood logs where the fruit-bodies had developed were cut into 13.8 × 9.6 × 14.9 mm pieces to measure the distribution of Prussian blue by micro X-ray computed tomography system (Y.CT Compact 320, YXLON).

Growth of hyphae on agar medium containing Prussian blue dye
------------------------------------------------------------

Separate experiments using agar medium containing nutrients, Prussian blue dye at 0.2% weight and and ^137^Cs of 46 Bq g^−1^ were conducted to test the accumulation of Prussian blue dye and ^137^Cs in the hyphae. The spawn was inoculated on the weighed membrane filter of 0.2 μm placed on agar medium. The developed hyphae on the filter were sampled together with the filter. The radioactivity of the hyphae was measured by autoradiography analysis using an imaging plate. The radioactivity in the hyphae grown on the agar medium containing ^137^Cs without Prussian blue dye was 1.6 × 10^3^ Bq g^−1^.

Autoradiography (AR) analysis
-----------------------------

In the AR analysis, the intensity of the imaging plate (IP) was measured by a bio imaging analyzer BAS 2500 system (Fuji Film, Japan). In order to test the measurement of radioactivity by AR analysis, we examined the relationship between the radioactivity of the standard ^137^Cs solution and the intensity of the IP exposure to the standard ^137^Cs solution dropped on the membrane filter.

Results and Discussion
======================

We inoculated sawdust spawn of shiitake mushrooms (*Lentinula edodes* \[Berk.\] Pegler) into radioactive-Cs-contaminated wood logs. The sawdust spawn contained Cs-sorbing minerals[@b13][@b14] of either vermiculite or zeolite powders, each at 5% or 10% volume ratio. The concentration of radioactive Cs (^134^Cs + ^137^Cs) in the samples are shown in [Table 1](#t1){ref-type="table"}. Without such minerals in the spawn, the resulting fruit-body contained a similar radioactive Cs concentration to that in the wood log. The concentration of radioactive Cs in the fruit-body with the vermiculite powders of 5% or 10% in weight, or the zeolite powder of 5% or 10% in weight were approximately 80%, 60%, 80%, or 50%, respectively, of that in the fruit-body without minerals in the spawn.

The photograph ([Fig. 1a](#f1){ref-type="fig"}) and AR image ([Fig. 1b](#f1){ref-type="fig"}) of the cross section of the wood log after harvest of the fruit bodies of Shiitake mushrooms ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}) showed dense areas of radioactive Cs at positions near the surface of the wood log. The dense areas circled in yellow in the AR image correspond to the inoculated spawn areas where the fruit-bodies were grown, indicating that radioactive Cs was accumulated around the fruit-body area. On the contrary, the white circle in the AR image showed that no dense spots appeared without the presence of a fruit-body even despite the presence of vermiculite powders of 10% in weight, indicating no specific accumulation of radioactive Cs in the inoculated spawn area without the formation of a fruit-body.

When the sawdust spawn contained neither vermiculite nor zeolite, no specific accumulation of radioactive Cs was observed in the AR image ([Fig. 2](#f2){ref-type="fig"}), even though the hyphae grew in the contaminated wood log irrespective of the presence of vermiculite or zeolite. These results reveal that a fraction of the radioactive Cs was intercepted by the vermiculite and zeolite during the transport of Cs from the wood log to the fruit-body at growth duration.

When we grew fruit-bodies of *Pleurotus cystidiosus* Miller in a sawdust nutrient bed containing approximately 390 Bq·kg^−1^ ± 26 Bq·kg^−1^ of ^134^Cs + ^137^Cs, the fruit-body contained 71 Bq·kg^−1^ of ^134^Cs and ^137^Cs. Addition of the mineral powder to the sawdust nutrient bed lowered the concentration of radioactive Cs in the fruit-body to 9.6 Bq·kg^−1^ ±  1.6 Bq·kg^−1^ of ^134^Cs and ^137^Cs. This result indicates that presence of the mineral mixture in the whole region of the medium reduced the concentration of radioactive Cs in the fruit-body more effectively than in the wood log experiment, where minerals were present only in the spawn plugs. The mineral powders do not sorb radioactive Cs directly from the sawdust powder, but from the interstitial pore water. Thus, for the contaminated wood logs, radioactive Cs dissolved in the interstitial pore water was sorbed by the mineral powders.

In growing Shiitake mushrooms, the wood logs are usually submerged in water for 1\~2 days in order to stimulate the formation of the fruit-bodies from the well-colonized hyphae in wood logs. This submersion treatment dissociates radioactive Cs from the contaminated wood logs into the interstitial water. Thus, the dissolved radioactive Cs in the submerged water of the wood logs was sorbed by the minerals during transport to the fruit-body. We added nano-sized dye of Prussian blue at 10% weight to the submersion water as a tracer of this water. After harvesting the Shiitake mushrooms from a non-contaminated wood log, the distribution of the nano-sized Prussian blue was measured by micro X-ray CT analysis. The nano-sized Prussian blue was distributed just beneath the fruit-bodies ([Fig. 3a](#f3){ref-type="fig"}). The three-dimensional distribution of the Prussian blue ([Supplementary Video S1](#S1){ref-type="supplementary-material"}) showed that the Prussian blue powders were distributed in an ellipsoidal shape from the fruit-body. The cross section of the distribution of Prussian blue ([Fig. 3b](#f3){ref-type="fig"}) showed the presence of an empty area in the center of the ellipse underneath the fruit-body. The color of the fruit-body was not changed ([Supplementary Figure S2(a)](#S1){ref-type="supplementary-material"}) while the color beneath the fruit-body was changed to blue ([Supplementary Figure S2(b)](#S1){ref-type="supplementary-material"}). These results reveal that the interstitial pore water was transported toward the fruit-body.

The hyphae of Shiitake mushroom were grown on a membrane filter placed on agar medium containing Prussian blue at 0.1% weight ([Fig. 4](#f4){ref-type="fig"}: Culture media), which changes color in the medium to dark blue ([Fig. 4](#f4){ref-type="fig"}: Agar with PB). Even though the color of the medium was dark blue, the color of the hyphae was white ([Fig. 4](#f4){ref-type="fig"}: Hyphae) and radioactivity in the hyphae was 0.18 ± 0.022 Bq g^−1^, showing that Prussian blue and ^137^Cs did not penetrate into the hyphae. This result clearly suggests that the Prussian blue which accumulated ^137^Cs in the submersion water was not transported to the hyphae, but through the interstitial water in the wood log outside of the hyphae. It is reported that the addition of the Prussian blue in submersion water of contaminated wood logs decreases the concentration of radioactive Cs in the fruit-body[@b15]. These findings reveal that accumulation of radioactive Cs from the wood log to the fruit-body results from two processes. One is the pathway by which the radioactive Cs was accumulated through the hyphae. The other is the pathway by which radioactive Cs is transported directly from the interstitial pore water to the fruit-body.

Radioactive Cs is highly accumulated in the fruit-bodies of filamentous fungi. Since radioactive Cs is known to accumulate in hyphae, it is believed that radioactive Cs is transported to the fruit-body through hyphae[@b16]. Cesium accumulated in the hyphae of *Pleurotus ostreatus* is trapped by intercellular materials of polyphosphate in vacuoles or other organs[@b2]. Indeed, hyphae function in the uptake and transport of the radioactive Cs dissolved in the interstitial water into the fruit-bodies[@b17]. Our results showed the presence of a direct pathway of radioactive Cs accumulation into the fruit-body from the contaminated wood logs. A previous study on the accumulation paths of radioactive Cs in hyphae using inhibitors of uptake through channels suggested a possible indirect pathway of Cs accumulation in fruit-bodies by extracellular transport via inter-hyphal cavities[@b18]. Unfortunately, that study could not show direct evidence of extracellular transport. In the forest the fruit-bodies of edible and inedible mushrooms tend to grow after rain events. The rain water dissolves radioactive Cs in the litter zone[@b19]. Some portion of the dissolved radioactive Cs is transported directly to the fruit-body, causing excess accumulation of radioactive Cs in the fruit-body rather than through hyphae. Therefore, direct accumulation pathway of radioactive Cs from the contaminated wood, litter, and soil should be included to understand the migration of radioactive Cs in forest.

Fungal hyphae function strongly for the detention of radioactive Cs in organic layers in the forest system[@b20]. The presence of minerals in agar medium inhibits the accumulation of radioactive Cs by unicellular fungus[@b21]. Our results showed that the presence of minerals at the position near the fruit-body decreased the concentration of radioactive Cs in the fruit-body. This result reveals that radioactive Cs is eliminated by minerals from the interstitial pore water during transport to the fruit-body. Thus, epi-scattering of the minerals of zeolite and/or vermiculite onto the litter zone of a contaminated forest can be expected to reduce the accumulation of radioactive Cs by edible and inedible mushrooms. One can assume that radioactive Cs transported through hyphae is released outside of the hyphae, and is sorbed by the minerals. The AR image of the wood log ([Fig. 1](#f1){ref-type="fig"}) shows that no dense spot appeared without growth of the fruit-body even for the inoculated spawn containing 10% weight vermiculite powder. These results indicate that most of the radioactive Cs in the hyphae is not released from hyphae to be sorbed by minerals, but is transported into the fruit-bodies.
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![A photograph (**a**) and AR image (**b**) of the cross section of the wood log after the harvest of the fruit-bodies of shiitake mushroom. Yellow and white circles show the areas, respectively, where a fruit-body arose and did not arise from the inoculated spawn medium containing 10% weight vermiculite.](srep29866-f1){#f1}

![A photograph (upper image) and AR image (Lower image) of cross section of the wood log after the fruit-bodies of shiitake mushroom were harvested from the inoculated spawn medium without vermiculite.](srep29866-f2){#f2}

![Three-dimensional distribution (**a**) and cross section of distribution of nano-sized Prussian blue after harvesting the fruit-bodies from the surface of the wood log. The three-dimensional distribution the Prussian blue in the wood log was determined by X-ray CT analysis, which detected dense materials in the materials. Prussian blue contains Fe in its structure. The determined distribution was identified as that of Prussian blue. The fruit body was illustrated as an image based on the photograph taken after the fruit body was harvested.](srep29866-f3){#f3}

![Photographs of *Marasmiaceae* sp. hyphae grown on agar medium containing 0.1wt% Prussian blue; (**a**) hyphae on the membrane filter set on the agar medium, (**b**) the agar medium after separation of the hyphae with the membrane filter, (**c**) the hyphae with the membrane filter, and (**d**) an AR image of the hyphae with the membrane filter showed that the radioactive Cs accumulated in the hyphae was below the detection limit.](srep29866-f4){#f4}

###### Radioactivity in fruit-body of shiitake mushrooms (*Lentinula edodes* \[Berk.\] Pegler) and in wood logs of 12% D/W and transfer factors of radioactive Cs from the contaminated wood logs to the fruit-body.

  Sample             Radioactivity (Bq kg^−1^)   Transfer factor   Standard deviation  
  ----------------- --------------------------- ----------------- -------------------- ------
  Without mineral               161                    163                1.01          0.17
  Vermiculite 5%                145                    118                0.81          0.14
  Vermiculite 10%               158                    98                 0.62          0.17
  Zeolite 5%                    140                    108                0.78          0.10
  Zeolite 10%                   172                    85                 0.5           0.08
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